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Summary
Three segregating F2 populations were developed by self-pollinating 3 black rot resistant F1 plants, derived from a
cross between black rot resistant parent line 11B-1-12 and the susceptible cauliflower cultivar ‘Snow Ball’. Plants
were wound inoculated using 4 isolates of Xanthomonas campestris pv. campestris (Xcc) race 4, and disease
severity ratings of F2 plants from the three populations were scored. A total of 860 arbitrary oligonucleotide
primers were used to amplify DNA from black rot resistant and susceptible F2 plants and bulks. Eight RAPD
markers amplified fragments associated with completely disease free plants following black rot inoculation, which
segregated in frequencies far lower than expected. Segregation of markers with black rot resistance indicates that
a single, dominant major gene controls black rot resistance in these plants. Stability of this black rot resistance
gene in populations derived from 11B-1-12 may complicate introgression into B. oleracea genotypes for hybrid
production.
Introduction
Black rot is a bacterial disease of Brassica oleracea
L. caused by Xanthomonas campestris pv. campestris
(Xcc). Under natural conditions Xcc infects through
hydathodes, moves through the midrib veins of the leaf
and clogs vessels with polysaccharides producing V-
shaped legions associated with the disease (Cook et
al., 1952).
Black rot resistance is particularly important in the
Brassica vegetables (B. oleracea) from which several
accessions and varieties have been identified as res-
istant (Bain, 1952; Hunter et al., 1987). However,
B. oleracea derived resistance is incomplete and con-
trolled by quantitative trait loci (Camargo et al., 1995;
Vicente et al., 2002). For effective hybrid production
simple genetic control of resistance is desirable. Res-
istance has been identified in related Brassica species
(Guo et al., 1991; Westman et al., 1999; Taylor et al.,
2002; Tonguç & Griffiths, 2003) including B. carinata
accession PI 199947 (previously identified as B. napus
PI 199947). Black rot resistance derived from the ac-
cession has been associated with a single dominant
gene, Xca 1 (Guo et al., 1991; Taylor et al., 2002;
Vicente et al., 2002).
Related Brassica species can be used to introgress
disease resistance and other agronomic and horticul-
tural traits into B. oleracea even though chromosome
numbers differ. This is due to high tolerance of an-
euploidy and common ancestry in diploids. Resistance
identified from PI 199947 was used to transfer black
rot resistance to B. oleracea by protoplast fusion with
a rapid-cycling B. oleracea followed by backcrosses
to B. oleracea (Hansen & Earle, 1995; Earle, 1997).
Marker studies were previously undertaken with se-
gregating populations derived from resistant somatic
hybrids. Reciprocal backcross populations were used
to study inheritance of the introgressed chromosomal
fragment and to identify molecular markers linked to
black rot resistance (Zhou et al., 1997). The proportion
of resistant plants was significantly lower than expec-
ted for backcross generations and five linked markers
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were found. It was suggested that aneuploidy was
the cause of distorted segregation, and repeated back-
rosses would eliminate extra chromosomal fragments
and stabilize the transmission of the resistance.
Molecular markers provide a useful tool for plant
breeders to identify resistance genes, and correlate
their presence with disease severity symptoms fol-
lowing inoculation. Randomly amplified polymorphic
DNA (RAPD) markers utilize random pieces of gen-
omic DNA to create polymorphisms (Williams et al.,
1990), and have been used to identify a number of
disease resistance genes in different crop species such
as pea (Tiwari et al., 1998) and broccoli (Giovannelli
et al., 2002).
When evaluating germplasm for resistance to black
rot, the race specificity of the resistance becomes very
important. Six races of Xcc have been identified, and
races 1 and 4 have been found to be the most common
races worldwide (Vicente et al., 2001). Resistance
to the most common races appeared to be present
in several B-genome Brassicas including B. carinata.
Resistance derived from PI 199947 provides complete
protection against races 1 and 4 of Xcc following
wound inoculation (Taylor et al., 2002; Vicente et al.,
2002).
The aim of the current study was to identify RAPD
markers associated with black rot resistance in B.
oleracea breeding lines derived from B. carinata ac-
cession PI 199947 and evaluate their segregation in F2
populations relative to disease symptoms.
Materials and methods
Plant material
The breeding line 11B-1-12 (Figure 1) was derived
from protoplast fusion between susceptible rapid-
cycling B. oleracea and a resistant B. carinata acces-
sion PI 199947, followed by a backcross of a resistant
somatic hybrid to white-flowered broccoli (Hansen &
Earle, 1995). Additional generations of backrosses
and selfs produced line 11B-1-12 (Ren & Earle, un-
published data). Resistant F1 hybrids were selected
following hybridization with the black rot susceptible
cauliflower cultivar ‘Snow Ball’ and self-pollinated
to produce segregating F2 populations. Plants from 3
F2 populations that segregated resistant plants along
with cauliflower controls (‘Snow Ball’ and ‘Delira’),
cabbage controls (‘Atlantis’ and ‘Bartolo’) and broc-
coli controls (‘Marathon’ and ‘Titleist’) were grown
Figure 1. Generation of segregating F2 populations and pedigree of
the resistant parent.
in plastic pots (10 cm diameter) containing ‘Cornell
mix’ (Boodley & Sheldrake, 1982) in a greenhouse.
Plants were grown at 23/20 ◦C day/ night with a 14 h
photoperiod under 1000 W metal halide lamps.
DNA isolation
Genomic DNA was isolated from the first true leaf
according to Doyle & Doyle (1990). Extracted DNA
was quantified with a ThermoSpectronic spectropho-
tometer (BioMate, Pittsford, N.Y.) and final concen-
tration of DNA was adjusted to 40 ng/µl.
Plant inoculations
Plants were inoculated twice; first at 21 days, and the
second at the 56 days using four race 4 Xcc isolates,
obtained from D. Reed (Reeds Seeds, Cortland, N.Y.).
Isolates were grown on YDCP medium (Shelton &
Hunter, 1985) for 2 days and used to wound inocu-
late the F2 populations and control plants. The wound
inoculation was performed by dipping 2 needles into
bacteria and piercing a true leaf with infected needles
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Table 1. Disease severity rating scale of Xcc 14 days after wound inoculation
Disease rating Symptoms
1 No symptoms
2 Minimal symptom development from the point of infection
3 Development of symptoms up to 1 cm2 from the point of infection
4 Symptom development extending to leaf margins
5 Symptom development along leaf margins followed by leaf abscission
Table 2. RAPD markers linked to black rot resistance, their se-
quences and the sizes of the linked fragments
Primer name Primer sequence (5’–3’) Fragment size (bp)
OPAB04 GGCACGCGTT 575
UBC 72 GAGCACGGGA 1500
UBC 322 GCCGCTACTA 400
UBC 66 GAGGGCGTGA 500
UBC 205 CGGTTTGGAA 900
UBC 121 ATACAGGGAG 360
UBC 320 CCGGCATAGA 450
UBC 327 ATACGGCGTC 300
on either side of the midrib. All four isolates were used
to inoculate leaves of the same plants. Plants were
rated after 35 days and diseased leaves were removed.
Plants were allowed to develop new leaves for 21 days
prior to re-inoculation at 56 days and at a second rat-
ing at 70 days. After the each inoculation all plants
were placed in a 100% humidity mist chamber for 48
h at 20 ◦C. Plants were rated according to Table 1,
and plants with a rating of 1 were considered to be
completely resistant.
Nuclear DNA content
Estimation of nuclear DNA content was conducted
with a flow cytometry, EPICS Profile Analyzer (Coult-
ier Electronics, Hialeah, Fla.). Samples and standards
were prepared and analyzed as described in Aru-
muganathan & Earle (1991).
RAPD analysis
DNA bulks (Michelmore et al., 1991) were prepared
from 8 symptomless and 10 completely susceptible
plants following inoculation with black rot in a segreg-
ating F2 population. Arbitrary 10-mer oligonucleotide
primers from Operon Technologies Inc., (Alameda,
Calif.) and University of British Columbia (Van-
couver, B.C., Canada) were used to amplify DNA to
identify RAPD markers associated with symptomless
plants (Williams et al., 1990). Each reaction consisted
of 8 µl of sterile dH2O, 4 µl of 5X PCR buffer (0.5 M
Tris, pH 8.3, 10 mM MgCl2, 10 mM Tartrazine, 14%
w/v Ficoll), 2 µl of genomic DNA, 2 µl of 0.13 mM
of each of the dNTPs, 2 µl of 0.1 mM primer and
2 µl of Taq polymerase. One drop of mineral oil
was added to the top of each well. PCR reactions
were performed using a RoboCycler thermalcycler
(Stratagene, La Jolla, Calif.). The PCR cycle paramet-
ers were 40 cycles of 1 min denaturation at 94 ◦C, 1.5
min annealing at 35 ◦C and 2 min extension at 72 ◦C.
PCR products were separated by gel electrophoresis in
1.5% agarose gels. Electrophoresis was performed in
IX TAE buffer for 70 min at 83 V (constant voltage).
Gels were stained with ethidium bromide and visual-
ized under UV light with a Gel Doc 2000 system and
pictures were digitally recorded with ‘Quantity One’
software (Bio-Rad Lab., Hercules, Calif.).
Statistical analysis
Association between markers and disease ratings were
calculated with Gamma (γ ) statistics (Agresti, 1984).
γ = C-D/C+D,
where C = ∑
i<k
∑
j<l
nij nkl
and D = ∑
i<k
∑
j>l
nij nkl .
C and D are the sum of all of the pairwise products of
the cells, i = the number of individuals with presence
or absence of the markers with a marker score of j,
and k and l are the ordered variables defining rows and
columns of a cell.
Recombination frequencies were calculated with
the formulae: r = R/N, where r = recombination fre-
272
Figure 2. Disease severity ratings for black rot inoculated plants in populations P1 (A), P2 (B) and P3 (C).
quency, R = number of recombinants, and N = total
number of individuals tested. The standard error of
recombination frequency was estimated as SEr = [r(1-
r)/N]1/2 (Adams & Joly, 1980). Mendelian segrega-
tion of resistance was investigated with the chi-square
goodness-of-fit test.
Results
The majority of plants from the parent line 11B-1-12
were symptomless when needle inoculated; however,
some plants were susceptible. The same susceptibil-
ity was also observed in some F1 plants derived from
resistant 11B-1-12 parent plants suggesting that the
resistance was heterozygous and/or not stable in the
F1 progeny. Three resistant F1 plants were chosen and
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Table 3. Association of RAPD markers with black rot resistant as measured using γ .statistics
P1 P2 P3
Rating 1 Rating 2 Rating 1 Rating 2 Rating 1 Rating 2
OPAB04 0.78 ∗∗∗ 0.88 ∗∗∗ 0.89 ∗∗∗ 0.95 ∗∗∗ 1.0 ∗∗∗ 1.0 ∗∗∗
UBC 72 0.87 ∗∗∗ 1.0 ∗∗∗ 1.0 ∗∗∗ 1.0 ∗∗∗ 0.91 ∗∗∗ 0.86 ∗∗∗
UBC 322 0.88 ∗∗∗ 1.0 ∗∗∗ 1.0 ∗∗∗ 1.0 ∗∗∗ 1.0 ∗∗∗1.0 ∗∗∗
UBC 66 0.87 ∗∗∗ 1.0 ∗∗∗ 1.0 ∗∗∗ 1.0 ∗∗∗ 0.91 ∗∗∗ 0.86 ∗∗∗
UBC 205 0.88 ∗∗∗ 1.0 ∗∗∗ 1.0 ∗∗∗ 1.0 ∗∗∗ 0.82 ∗∗∗ 0.74 ∗∗∗
UBC 121 0.88 ∗∗∗ 1.0 ∗∗∗ 1.0 ∗∗∗ 1.0 ∗∗∗ 0.91 ∗∗∗ 0.86 ∗∗∗
UBC 320 0.88 ∗∗∗ 1.0 ∗∗∗ ND ND ND ND
UBC 327 0.92 ∗∗∗ 1.0 ∗∗∗ 1.0 ∗∗∗ 0.69 ∗∗ 1.0 ∗∗∗ 1.0 ∗∗∗
∗∗ significant at p = 0.01, and ∗∗∗ significant at p = 0.001, respectively.
ND = No segregation of the marker.
Table 4. Recombination frequencies between RAPD markers and black rot resistance in populations
P1, P2 and P3, and χ2-values for the deviation from the expected segregation ratio of 3:1
P1 P2 P3
r ± SE (cM) χ2 r ± SE (cM) χ2 r ± SE (cM) χ2
OPAB04 7 ± 2 205.0∗∗∗ 3 ± 2 232.3∗∗∗ 0.0 232.2∗∗∗
UBC 72 3 ± 2 205.0∗∗∗ 0.0225.3∗∗∗ 1 ± 0.09 218.6∗∗∗
UBC 322 4 ± 2 205.0∗∗∗ 0.0225.3∗∗∗ 1 ± 0.09 225.4∗∗∗
UBC 66 3 ± 2 93.0∗∗∗ 0.0225.3∗∗∗ 1 ± 0.09 218.6∗∗∗
UBC 205 3 ± 2 93.0∗∗∗ 0.0225.3∗∗∗ 2 ± 1 211.8∗∗∗
UBC 121 3 ± 2 93.0∗∗∗ 0.0225.3∗∗∗ 1 ± 0.09 211.8∗∗∗
UBC 320 3 ± 2 93.0∗∗∗ ND – ND –
UBC 327 3 ± 2 205.0∗∗∗ 0.0225.3∗∗∗ 5 ± 3 148.2∗∗∗
∗∗∗ significant at p = 0.001.
ND = No segregation of the marker.
self-pollinated to produce 3 segregating F2 popula-
tions (P1, P2, P3). The proportions of resistant plants
in the F2 populations significantly deviated from the
3:1 ratio, expected for a single dominant gene in
an F2 population [P1 χ2 = 201.7 (p > 0.001),
P2 χ2 = 225.3 (p > 0.001) and P3 χ2 = 239.0
(p > 0.001)]. F3 progeny derived from self pollina-
ting F2 plants also failed to meet expected segregation
ratios for a single dominant homozygous or heterozyg-
ous resistance gene, suggesting multiple gene control,
pleiotropy or chromosomal instability causing segreg-
ation distortion from expected frequencies. Control
cultivars were completely susceptible with slower dis-
ease development in broccoli cultivars. Plants initially
rated 2–3 after 14 days (Figure 2) showed slower dis-
ease development, but were considered susceptible to
black rot infection if disease symptoms were allowed
additional time to develop.
Flow cytometry analysis was carried out to determ-
ine genome size in 11B-1-12. Standard ‘Green Comet’
has diploid nuclear DNA content of 1.3 pg. The dip-
loid chromosome number of B. oleracea is 18, and
DNA content for an average B. oleracea chromosome
is 0.07 pg. Flow cytometry analysis of resistant plants
revealed that those plants also had DNA content of 1.3
pg, which fell into the expected range for 2n = 18 (data
not shown).
A total of 860 Operon and UBC primers were used
screen resistant and susceptible bulks. RAPD primers
produced 3 to 15 scoreable fragments with an average
of 8.1 fragments per primer. 150 RAPD polymorph-
isms were identified between resistant and susceptible
bulks and used to evaluate population P1. Twenty
marker polymorphisms were identified in the P1 pop-
ulation. Of these polymorphisms 8 markers showed
strong association with black rot resistance (Table 2).
These markers were used to screen all populations,
and significant associations between markers and the
symptomless phenotype were calculated (Table 3).
Recombination frequencies were estimated for resist-
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Figure 3. RAPD polymorphism generated by UBC 327 is inherited
from B. carinata (PI 199947) in resistant plants in F2 populations.
ant locus and for each marker in the three populations,
as well as χ2-values (Table 4). All linked markers
significantly deviated from the expected 3:1 ratio. All
primers were used to amplify donor DNA, and we
found that they also amplified the corresponding frag-
ments in PI 199947 (Figure 3). All primers gave clear
scoreable fragments in all populations. UBC 320 did
not produce any polymorphisms between resistant and
susceptible individuals in the populations P2 and P3,
and there were differences between the populations for
the recombination frequencies of the linked markers.
All markers segregated in P1; however, there was no
recombination between the black rot resistance and six
markers in P2. One marker (OPAB04) did not show
any recombination in P3. The highest recombination
frequency was observed for the marker OPAB04 in the
population P1 (Table 4).
Discussion
The presence of dominant RAPD markers was asso-
ciated with complete black rot resistance in wound
inoculated seedlings. As with the disease severity rat-
ings, the RAPD markers associated with black rot
resistance showed extreme segregation distortion. This
suggests that a single dominant resistant gene for
black rot resistance is present in these segregating
populations, but did not segregate in expected ratios.
However it was not possible to confirm monogenic
segregation of resistance in F2 populations due to a
distorted segregation. Causes of segregation distor-
tion could include: multiple gene control, pleitropy,
gametic abortion, any chromosomal instability such
as aneuploidy or an unstable translocation. The se-
gregation distortion of RAPD markers linked to the
resistance in F2 populations provides strong evidence
that multiple gene control, pleiotropy and aneuploidy
are not responsible for the distortion of resistance as
linked RAPD markers would have segregated in 75%
of the F2 progenies, although presence of a second
gene, very closely linked to the Xca 1 in the genome of
B. carinata, and/or minor genes are possible. Seed set
was also normal indicating that gametes were stable
and viable in these populations.
In a previous study Zhou et al. (1997) identified
five RAPD primers linked to the black rot resistance;
however, none of the reported markers were linked
to black rot resistance in this study. Eight markers
were linked to symptomless plants in these popula-
tions. Association of RAPD fragments and disease
rating scores was highly significant (Table 3), and re-
combination frequencies were generally low. Different
recombination frequencies were observed for linked
RAPD markers in F2 populations (Table 4). All mark-
ers came from the resistant donor parent and therefore
they amplify the B-genome of B. carinata. These res-
ults suggested that the introgressed genetic material
from B. carinata might not be stable in B. oleracea
genotypes.
Resistant plants grown to flowering in the green-
house produced normal flowers and did not appear
to exhibit gametic inviability. When they were self
or cross-pollinated, plants produced normal seeds and
formed full siliques. No bud pollination was necessary
to produce selfed seeds, which suggested that black rot
resistant plants were self-compatible. Irregular meiotic
behavior might be present in resistant plants as a result
of an unstable chromosome translocation that reduces
the transmission of resistance in selfed and backcross
generations.
Brassica species contain homologous segments
within and between genomes resulting from extens-
ive duplications of chromosomal segments and gene
ordering (Kianian & Quiros, 1992; Struss et al., 1996;
Truco et al., 1996). The B and C Brassica genomes
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are moderately homologous (Truco et al., 1996), and
it is possible to produce interspecific hybrids between
Brassica species to transfer various traits into cultiv-
ated germplasm. In some populations derived from
interspecific crosses it is difficult to obtain stable
recombinant lines or the transferred resistance can
be lost during backcross generations (Plieske et al.,
1998). Similar transmission problems have been en-
countered with other species involving interspecific
hybridizations (Heijbroek et al., 1988). One way to
circumvent the problem is to obtain plants in which
the chromosomal segment carrying the resistance gene
of interest is translocated to a recurrent parent chro-
mosome. This process would stabilize the introgressed
segment of donor DNA and consequently populations
would not exhibit segregation distortion (Heijbroek et
al., 1988; Struss et al., 1996).
Loss of linked markers from a previous study
(Zhou et al., 1997) suggests that the size of the intro-
gressed segment in these populations is reduced. In the
present study, loss of the linked fragment from UBC
320 in the populations P2 and P3 might also indicate
that a chromosomal segment has been lost among res-
istant plants originated from two different F1 plants.
Different recombination rates were observed between
the Xca 1 locus and linked markers in different popula-
tions. This result suggests that recombination between
B and C-genomes occurs but it was not sufficient to
stabilize B-genome derived resistance in a C-genome
background.
It will be necessary to stabilize this black rot res-
istance gene in B. oleracea genotypes for it to be used
in commercial breeding. One approach could be to
observe meiotic behavior of resistant plants and select
plants with most regular meiosis to produce selfed and
backcross generations (Heijbroek et al., 1988; Chévre
et al., 1997). Another approach might be to order the
RAPD markers relative to each other and the resist-
ance locus and follow segregation or loss of RAPD
markers in further generations. Radiation is known
to cause chromosomal translocations in plants. Irradi-
ation of seeds or floral parts has previously been used
to stabilize foreign DNA in cultivated plants (Knott,
1968). It might be possible to use the same approach
in B. oleracea plants carrying B. carinata chromosome
segments to stabilize the transmission of the resistance
locus.
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